The NRAO VLA Sky Survey (NVSS) Rotation Measure (RM) catalogue is invaluable for the study of cosmic magnetism. However, the RM values reported in it can be affected by nπ-ambiguity, resulting in deviations of the reported RM from the true values by multiples of ±652.9 rad m −2 . We therefore set off to observationally constrain the fraction of sources in the RM catalogue affected by this ambiguity. New broadband spectro-polarimetric observations were performed with the Karl G. Jansky Very Large Array (VLA) at 1-2 GHz, with 23 nπ-ambiguity candidates selected by their peculiarly high |RM| values. We identified nine sources with erroneous RM values due to nπ-ambiguity and 11 with reliable RM values. In addition, we found two sources to be unpolarised and one source to be inconsistent with neither nπ-ambiguity nor reliable RM cases. By comparing the statistical distributions of the above two main classes, we devised a measure of how much a source's RM deviates from that of its neighbours: ∆/σ, which we found to be a good diagnostic of nπ-ambiguity. With this, we estimate that there are at least 50 sources affected by nπ-ambiguity among the 37,543 sources in the catalogue. Finally, we explored the Faraday complexities of our sources revealed by our broadband observations.
INTRODUCTION
Magnetic fields are ubiquitous in the Universe. For astrophysical processes such as star formation, cosmic ray propagation, galactic outflows, and galactic evolution, magnetic fields are critical and must be considered (see review by Beck & Wielebinski 2013; Beck 2016) . Magnetic field structures of astrophysical objects can be directly measured through their polarised synchrotron diffuse emission (e.g., Kothes et al. 2008; Heald et al. 2009; Ma et al. 2016; Basu et al. 2017) . However, this technique is limited to probing volumes filled with synchrotron-emitting cosmic ray electrons. PoContact e-mail: ykma@mpifr-bonn.mpg.de † Member of the International Max Planck Research School (IMPRS) for Astronomy and Astrophysics at the Universities of Bonn and Cologne larised emission from background sources can illuminate the foreground magneto-ionic media through the Faraday rotation effect, allowing the study of physical conditions in the intervening magnetised plasma.
Radio polarimetric observations of background extragalactic radio sources (EGSs) have been successful in revealing the magnetic fields in foreground astrophysical objects, such as discrete H regions in the Milky Way (Harvey-Smith et al. 2011; Purcell et al. 2015; Costa et al. 2016) , Galactic high velocity clouds (McClureGriffiths et al. 2010; Hill et al. 2013; Betti et al. 2019) , the Galactic disk (Van Eck et al. 2011) , the Galactic halo (Mao et al. 2010 (Mao et al. , 2012 Terral & Ferrière 2017) , the Magellanic system (Gaensler et al. 2005; Mao et al. 2008; Kaczmarek et al. 2017) , nearby galaxies such as M31 (Han et al. 1998; Gießübel et al. 2013) , and cosmologically distant galaxies . As the polarised radiation traverses through the foreground media, its polarisation position angle (PA; [rad]) will be rotated by ∆PA = 0.81
where [pc] is the (physical) distance of the emitting volume from the observer, n e [cm −3 ] is the electron density, B [µG] is the strength of the magnetic field component along the line of sight (s [pc] ; increasing away from the observer), λ [m] is the wavelength of the electromagnetic wave, and φ [rad m −2 ] is the Faraday depth (FD) of the emission region. This Faraday rotation effect encodes the physical conditions of the foreground magneto-ionic media, in particular n e and B , into FD. The traditional way to extract the FD values of polarised sources is by PA measurements at two or more distinct frequency bands and perform a linear fit to PA against λ 2 . In this case, FD is commonly referred to as Rotation Measure (RM) instead, which is the slope of the resulting fit. For situations where PA measurements are only available at two frequencies, the resulting FD (or RM) values can be ambiguous because wrapping(s) of PA can occur between the two bands. This is the so-called nπ-ambiguity problem, and can be best mitigated by additional PA measurements at other frequency bands.
Modern radio telescopes equipped with broadband backends, such as the Karl G. Jansky Very Large Array (VLA), have started a new era in the study of cosmic magnetism. They opened up the possibility of spectro-polarimetric observations with unprecedented bandwidths (e.g. 1-2 GHz in L-band and 2-4 GHz in Sband for the VLA) and fine frequency resolutions (1-2 MHz in the above-mentioned bands). This allows a simple eradication of nπ-ambiguity in FD (or RM) measurements, since PAs at hundreds or even thousands of closely spaced frequencies can be measured simultaneously, ensuring no wrappings of PA between the channels. The even more important aspect of broadband spectro-polarimetric studies is the possibility to apply analysis methods such as RMSynthesis (Brentjens & de Bruyn 2005) and Stokes QU-fitting (e.g. Farnsworth et al. 2011; O'Sullivan et al. 2012) . The former makes use of the Fourier-like behaviour of polarisation signal, such that input complex polarisation (P = Q + iU) as a function of λ 2 can be transformed into output Faraday spectrum (F; which is the complex polarisation as a function of φ):
The latter technique is to fit the observed Stokes Q and U values as a function of λ 2 by using models of magnetised plasma along the line of sight. Both of the techniques allow exploration of Faraday complex sources (e.g. Burn 1966; Sokoloff et al. 1998) , which emit at multiple FDs. These sources have varying polarisation fractions as a function of λ 2 , and sometimes deviate from the linear relationship between PA and λ 2 . Given sufficient λ 2 coverage, these sources would exhibit multiple peaks and/or extended component(s) in Faraday spectra. In contrast, Faraday simple sources emit at a single FD only, with constant polarisation fractions across λ 2 , and have PA values varying linearly with λ 2 . RM-Synthesis and QU-fitting are widely used in broadband radio polarisation studies, with a growing success in revealing the Faraday complexities of a significant number of the observed EGSs (e.g. Law et al. 2011; Anderson et al. 2015 Anderson et al. , 2016 Kim et al. 2016; O'Sullivan et al. 2017; Kaczmarek et al. 2018; Pasetto et al. 2018; Schnitzeler et al. 2019) .
The largest RM catalogue of polarised radio sources to date is the Taylor et al. (2009, hereafter TSS09) catalogue, which contains RM values of 37,543 radio sources north of δ = −40 • at a source density of higher than one per square degree. This makes it invaluable for the study of cosmic magnetism (e.g. Stil et al. 2011; Oppermann et al. 2012; Purcell et al. 2015; Terral & Ferrière 2017) . TSS09 constructed the catalogue by re-analysing the NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ) data, and thus it is also called the NVSS RM catalogue. While in the original NVSS catalogue the two intermediate frequencies (IFs; centred at 1364.9 and 1435.1 MHz with bandwidths of 42 MHz each) were combined, TSS09 processed data from the two IFs independently, allowing determination of RM from these two frequency bands. However, these RM values could then be susceptible to nπ-ambiguity as discussed above. For each of the sources in their catalogue, the authors compared the observed amount of depolarisation with that expected from bandwidth depolarisation at the different allowed RM values, and also used the RM values of neighbouring sources within 3 • , to minimise nπ-ambiguity. However, it is not clear how effective this method really is at picking the correct RM values. Understanding the limits of the NVSS RM catalogue is vital to the study of cosmic magnetism. While upcoming polarisation surveys such as Polarization Sky Survey of the Universe's Magnetism (POSSUM; Gaensler et al. 2010 ) in 1130-1430 MHz and VLA Sky Survey (VLASS; Myers et al. 2014 ) in 2-4 GHz are expected to bring vastly higher RM densities compared to TSS09, the two surveys either do not have exact sky or frequency coverage as TSS09. This means the NVSS RM catalogue will remain a unique dataset for studying the magnetised Universe, complementing the VLASS in the frequency domain and POSSUM in the sky domain, in addition to both in the time domain. A prior deeper understanding in the systematics of TSS09 will facilitate future robust comparisons among these surveys. The focus of our work here is to effectively test the reliability of the TSS09 RM values by validating a small sample of TSS09 sources using broadband polarimetry, which provides us with nπ-ambiguity-free FD.
In this paper, we report the results from new broadband observations of 23 candidates from the NVSS RM catalogue which could suffer from nπ-ambiguity. The observational setup and data reduction procedures are described in Section 2, and the results are presented in Section 3. In Section 4, we discuss the implications of the results on the nπ-ambiguity in the TSS09 catalogue, and also explore the Faraday complexities of the targets revealed by the new broadband observations. Finally, we conclude this work in Section 5. In the companion Paper II (Ma et al. 2019) , we further compare this dataset with the TSS09 catalogue in matching frequency ranges to quantify the effects of the off-axis instrumental polarisation on the TSS09 RM measurements. Throughout the paper, we adopt a cosmology in accordance to the latest Planck results (i.e., H 0 = 67.8 km s −1 Mpc −1 and Ω m = 0.308; Planck Collaboration et al. 2016). 
New Observations and Calibration
We selected the 23 target sources from the TSS09 catalogue. They have high |RM TSS09 | 300 rad m −2 and are situated away from the Galactic plane (|b| > 10 • ) 1 . In this region, the Galactic FD (or RM) contributions are less significant, with ≈ 99 per cent of the TSS09 sources with |RM TSS09 | < 150 rad m −2 . The peculiar population we selected, with high |RM TSS09 |, could be statistical outliers from the generally low |RM TSS09 | population, either because they have high intrinsic FD (or RM) values or they are positioned along special lines of sight with high foreground FD (or RM) contributions. On the other hand, our target sources could also be out-liars with erroneous RM TSS09 values, deviating from the true RM by multiples of ±652.9 rad m −2 due to nπ-ambiguity (TSS09) and causing them to stand out from the majority. However, we note that our selection criteria does not allow us to study sources with high true |RM| having low reported |RM TSS09 | due to nπ-ambiguity, and thus our study here only focuses on cases where sources with low true |RM| are "boosted" to high |RM TSS09 | due to nπ-ambiguity. We further selected only bright sources with NVSS total intensities 1 Except for J234033+133300, which has RM TSS09 = +56.7 ± 6.3 rad m −2 . This source was also observed because it was thought to have a high emission measure (EM; ∼ 140 cm −6 pc) but low |RM |, which could be another manifestation of nπ-ambiguity. However, upon close examination after the observation was conducted, we found that the EM along this sightline is actually 10 cm −6 pc, thus disqualifying this source as an nπ-ambiguity candidate. This source will not be included in the statistical analysis on nπ-ambiguity in this work. However, we later found that this source is unpolarised, which leads to implications on the residual off-axis polarisation leakage of TSS09 (see Paper II).
larger than 100 mJy to ensure that sufficient signal-to-noise ratio could be achieved.
Our new broadband data were acquired using the VLA in Lband (1-2 GHz) in D array configuration. The observations were carried out on 2014 July 03 in three observing blocks, and are summarised in Table 1 where the observing time, calibrators, target sources, and angular resolutions are listed. For each of the target sources, the integration time is about 3-4 minutes. We used the Common Astronomy Software Applications (CASA) package (version 4.4.0; McMullin et al. 2007 ) for all of the data reduction procedures.
The three measurement sets were calibrated independently. Hanning smoothing is first applied to all the visibilities in frequency domain to remove the Gibbs phenomenon, and the antenna position calibration is applied to the dataset. Then, we flagged out times when the antennas were not performing as intended or when prominent radio frequency interferences (RFI) were seen. Next, we determined the delay, bandpass, and gain solutions using the flux and/or phase calibrators, with the absolute flux densities following the Perley & Butler (2013a) scales. The PA calibration was done by using the previously determined PAs of the flux calibrators 3C 286 and 3C 138 (Perley & Butler 2013b) , while the on-axis instrumental leakage was corrected for by observing standard unpolarised leakage calibrators (see Table 1 ). Finally, we applied one round of phase self calibration to all our target sources to further improve the gain solution.
Full L-Band Images
With the calibrated visibilities, we formed a series of Stokes I, Q, and U images for each target source at different frequencies across L-band, combining 4 MHz of visibility data to form the images for each step in the frequency axis. The Clark deconvolution algorithm in CASA task CLEAN was adopted, with Briggs visibilities weight- ing of robust = 0 (Briggs 1995) . We did not further smooth the resulting images, as it would only be necessary if we directly combine images at different frequencies. We list the angular resolution at 1.5 GHz of each pointing in Table 1 . At the spatial resolution of our observations, our targets can be divided into three morphology classes -single (unresolved), double (resolved into two unresolved components), and extended. The typical root-mean-square (rms) noise of each 4 MHz image is about 1.6 mJy beam −1 in Stokes I, and 1.0 mJy beam −1 in Stokes Q and U. We measured the Stokes I, Q, and U values of our target sources per frequency step. We used different methods depending on whether the sources are spatially resolved with our observational setup. For spatial singles and doubles, we used the CASA task IMFIT to extract the flux densities and their uncertainties. The full-width at half-maximum (FWHM) of the Gaussian components are fixed as that of the synthesised beam at each frequency step, and the fitted source locations in Stokes I are also used for Stokes Q and U. The positions of the individual components of the five double sources in our sample are listed in Table 2 . For extended sources (J094750−371528 and J224549+394122), we used the multi-frequency synthesis (MFS) algorithm with nterms = 2 (which incorporates the spectral indices of the sources) to form Stokes I images using the entire L-band for each of the sources, from which 6σ contours in Stokes I enclosing the target sources are defined. The CASA task IMSTAT is then used to integrate the Stokes I, Q, and U flux densities within the contour for each channel map. We note that using integrated flux densities discards all the spatial information we have of these two sources, and may increase Faraday complexity and/or cause beam depolarisation. A detailed spatial analysis of them is included in Appendix A. The radio spectra of our targets are reported in Paper II, in which we address the potential Stokes I and RM time variabilities of our sample.
BROADBAND SPECTRO-POLARIMETRIC ANALYSIS

Rotation Measure Synthesis
Using the extracted Stokes I, Q, and U values for every 4 MHz channel map (Section 2.2), we performed RM-Synthesis (Brentjens & de Bruyn 2005) on all our target sources. For double sources, each of the spatial components are analysed independently. We used the Python-based RM-Synthesis code, pyrmsynth 2 , to perform this analysis, including RM-Clean algorithm (e.g. Heald et al. 2009 ) to deconvolve the Faraday spectra. The q = Q/I and u = U/I values are used as the inputs, and therefore the resulting complex Faraday spectra (sometimes referred to as Faraday dispersion functions in the literature) are in units of polarisation fraction (p) per Rotation Measure Transfer Function (RMTF). With our observational setup, the resolution of Faraday spectrum, maximum detectable scale, and maximum detectable FD are (equations 61-63 in Brentjens & de Bruyn 2005) 
respectively. The quoted range for δφ 0 is due to the slightly different λ 2 coverage for each source as the result of flagging (individual values listed in Table 3 ), and that for ||φ max || is because of the difference in widths of the 4 MHz channels in λ 2 space across Lband. We adopted a normalised inverse noise variance weighting function of (e.g. Schnitzeler & Lee 2017)
where σ q and σ u are the uncertainties in q and u respectively. The Faraday spectra were formed within −2000 φ (rad m −2 ) +2000 with a step size of 2 rad m −2 . We first perform trial cleans to determine the rms noise (denoted as σ here) in the source-free FD ranges of |φ| 1000 rad m −2 from the q φ and u φ Faraday spectra. The final Faraday spectra are cleaned down to 6σ only so as to avoid over-cleaning, which can introduce artefacts to the resulting spectra.
The Faraday spectra amplitudes (|F φ | = q 2 φ + u 2 φ ) are shown in Figure 1 . For each amplitude spectrum, we counted the number of peaks higher than 6σ, and then we fitted the spectrum with the corresponding number of Gaussian components plus a y-offset to extract the FD values and widths of the peaks. This 6σ cutoff grants us an insignificant false detection rate of 0.5 per cent (e.g. George et al. 2012) , and a negligible Ricean polarisation bias ( 1.5 per cent; Wardle & Kronberg 1974) . If the fitted FWHM (δφ) of a peak is within 10 per cent from the theoretical RMTF FWHM value (i.e. δφ 0 ; obtained from pyrmsynth output), we re-fit the spectrum with δφ being fixed at δφ 0 . The uncertainties in FD are obtained by (e.g. Mao et al. 2010; Iacobelli et al. 2013 )
where S/N is the signal-to-noise ratio of the peak. The FD and δφ of the peaks are then fixed and used to fit the q φ and u φ Faraday spectra to extract the complex polarisation of the Faraday components that they correspond to. The obtained values, namely φ, δφ, and complex polarisation, are then used to calculate p and intrinsic PA (PA 0 ) of each Faraday component. The uncertainties are propagated by Monte Carlo simulations with 10 6 realisations per source, starting from assuming that q, u, φ, and δφ obtained from RMSynthesis above follow Gaussian statistics. We evaluated the 68.3 per cent confidence interval (corresponding to 1σ under normal distribution), which are listed as the asymmetric errors in Table 3 . Such an error propagation method is needed, since strictly speaking the uncertainties of both p and PA 0 do not follow Gaussian distributions. A caveat to the results here is that the polarisation fraction p is the polarised intensity of the Faraday component divided by the total intensity of the entire spatial component. The Ricean polarisation bias is not corrected for because it is insignificant at our signal-to-noise levels (see above).
We also formed Faraday spectra for the leakage calibrators J0319+4130, J0713+4349, and J1407+2827, in order to constrain the remaining instrumental polarisation leakage of our observations. Their spectra are also shown in Figure 1 , with peak values of 0.003± 0.001, 0.019 ± 0.006, and 0.010 ± 0.003 per cent, respectively. Note that these values could be due to random noise fluctuations leading to polarisation bias (e.g. George et al. 2012 ) instead of due to residual instrumental polarisation leakage, and are therefore upper limits to the actual remaining leakage levels of our calibrated data. We conclude that the residual polarisation leakage in our data is at < 0.02 per cent level.
One point to note is that for one of our sources, J022915+085125, Faraday components (FCs) 1 and 3 are likely artefacts corresponding to the sidelobes of the RMTF (see Table 3 ), most likely because the main (physical) peak is Faraday thick, lead- ing to sub-optimal deconvolution with RM-Clean. The two components are symmetric about the prominent Faraday component 2, having the same polarisation fraction of 0.27 per cent, PA 0 and φ offsets from component 2 by about 90 • and 260 rad m −2 respectively, and δφ ≈ 73 rad m −2 , less than the theoretical value of 124 rad m −2 . Upon inspection of the (complex) RMTF of this source, we find that the secondary maxima are offset from the primary by 161 rad m −2 , phase offset by 180 • (i.e. 90 • in PA), and have FWHM of about 108 rad m −2 . We have therefore ignored these two components in the remainder of this paper.
For the six sources that can be decomposed into multiple spatial or Faraday components, it is not trivial to directly compare the multiple FD values against the single RM TSS09 value of each source.
Therefore, we define a polarisation-weighted FD as
where i and j are indices representing the spatial and/or Faraday components, and S 1.4 GHz is the flux density of the corresponding spatial component at 1.4 GHz (listed in Paper II). This formulation is a modified version of that from O'Sullivan et al. (2017) , where the FDs were weighted by p instead. The uncertainties in φ are again propagated by Monte Carlo simulations as above. We will compare the φ values against the TSS09 RM values to determine whether the source suffers from nπ-ambiguity. The results are listed in Table 3 . We find that two of our target sources (J084600−261054 and J234033+133300) are unpolarised (less than the 6σ cutoff levels at 0.07 and 0.06 per cent, respectively), and therefore are excluded in the subsequent stages of our study in this paper 3 . Furthermore, the spatial double J162706−091705 hosts one unpolarised component (a) and a polarised component (b). Out of the remaining 21 sources (five being spatial doubles) with reliable polarisation signals, nine have φ disagreeing with the TSS09 RM values by about ±652.9 rad m −2 , and 11 have the two sets of values agreeing within 60 rad m −2 . The only remaining source J154936+183500 is a special case, with φ and RM TSS09 values deviating by 307.5 rad m −2 (see Section 4.1.8 for discussion on this source).
We further performed a per-pixel RM-Synthesis analysis to the extended sources J094750−371528 and J224549+394122 (also known as 3C 452), presented in Appendix A. This allows the Faraday complexities of these two sources to be resolved spatially, leading to interesting comparisons with the RM-Synthesis results above and QU-fitting results in Section 3.2.
Stokes QU-fitting
We complement our RM-Synthesis results in Section 3.1 with Stokes QU-fitting analysis (e.g. Farnsworth et al. 2011; O'Sullivan et al. 2012) . Tests with synthetic data have shown that QU-fitting can perform better than RM-Synthesis for sources composed of two Faraday thin components (Sun et al. 2015) . The main difference between these two techniques is that the former is non-parametric, while the latter requires input astrophysical models. These models consist of one or more Faraday components added together, which can correspond to discrete astrophysical sources or emitting volumes with different physical parameters within our telescope beam or flux integration region. For our study, we considered the following Faraday components (Burn 1966; Sokoloff et al. 1998; O'Sullivan et al. 2012 ): (i) Thin: A purely synchrotron-emitting volume, with Faraday rotation occurring in a foreground screen with a homogeneous magnetic field and thermal electron density. The complex polarisation is given by
(ii) Burn slab: This depicts a volume that is simultaneously synchrotron-emitting and Faraday rotating, with no foreground Faraday rotating screens. The magnetic fields, thermal electron densities, and cosmic rays densities in the slab are all uniform. The complex polarisation is given by
(iii) Burn slab with foreground screen: This is the same as a Burn slab component, except there is a homogeneous foreground rotating screen giving rise to an extra FD of φ fg . The complex polarisation is given by
(iv) External Faraday dispersion: In addition to the homogeneous Faraday screen for a thin component, an external turbulent Faraday screen lies in front of the synchrotron-emitting volume. This turbulent screen leads to a dispersion in FD (σ φ ) through different lines of sight to the emitting volume (within the telescope beam or the flux integration region), causing depolarisation effects. The complex polarisation is given by
(v) Internal Faraday dispersion: This is similar to the Burn slab above, except that in the simultaneously emitting and Faraday rotating volume there is also a turbulent magnetic field component. The complex polarisation is given by
(vi) Internal Faraday dispersion with foreground screen: This is the same as the internal Faraday dispersion component, but there is a homogeneous foreground rotating screen leading to an extra FD of φ fg . The complex polarisation is given by
A caveat of the QU-fitting technique here is that, similar to RM-Synthesis in Section 3.1, the intrinsic polarisation fraction p 0, j obtained from this analysis is the polarised intensity of the component j divided by the total intensity of the entire spatial component, since this analysis does not separate the total intensity into corresponding Faraday components.
We deployed 10 different models to fit the observed q and u values of our target sources: single thin (1T), double thin (2T), triple thin (3T), single Burn slab (1B), double Burn slab (2B), single Burn slab with foreground screen (1B+fg), double Burn slab with foreground screen (2B+fg), single external Faraday dispersion (1Ed), single internal Faraday dispersion (1Id), and single internal Faraday dispersion with foreground screen (1Id+fg). The complex polarisation of the models are constructed by adding together that of the constituent Faraday components [p(λ 2 ) = j p j (λ 2 )]. In other words, the Faraday components of each model are assumed to be spatially distributed perpendicular to the line of sight. For the double Burn slab with foreground screen model, both of the Burn slab components are subjected to the same foreground FD, instead of having individual φ fg values. The best-fit parameters and their uncertainties of each of the models for each target source are obtained, along with the reduced chi squared values ( χ 2 red ) and the Bayesian information criterion (BIC; e.g. O'Sullivan et al. 2012; Schnitzeler et al. 2019) . We rejected models where the p 0, j and/or σ φ, j values are less than two times of the uncertainties. The remaining models for each source are ranked according to the BIC values (with a lower value signifying a better model), and the best for each source is listed in Table 4 and plotted in Figure C1 in the Online Supplementary Materials (Appendix C).
DISCUSSION
The nπ-ambiguity in the NVSS RM Catalogue
In Section 3.1, we compared our φ values from RM-Synthesis performed on the new broadband data with narrowband RMs from the NVSS RM catalogue (TSS09). Nine out of 21 of our polarised target sources (43 per cent) have φ values deviating by approximately ±652.9 rad m −2 from the corresponding RM TSS09 . The discrepancy is almost certainly due to nπ-ambiguity in the TSS09 catalogue. In an attempt to unveil the cause(s) and possible diagnostic(s) of this, we divided our sources into the two classes -out-liars and outliers -and compared select observed quantities. Specifically, we investigated the distributions of spectral index from our L-band observations (α L ; reported in Paper II), NVSS flux density (S NVSS ), TSS09 polarised intensity (PI TSS09 ), TSS09 polarisation fraction (p TSS09 ), RM TSS09 , φ, |RM TSS09 −RM 3 • |, and |RM TSS09 −RM 3 • |/σ 3 • , with RM 3 • and σ 3 • defined below. For each parameter, we performed two-sample Kolmogorov-Smirnov test (KS-test) with the null hypothesis being that the two samples are drawn from the same population. The above parameters are plotted in Figure 2 , with their corresponding KS-test p-values also reported. We adopted the standard p-value cutoff of 0.05 (a larger p-value favours the null hypothesis), and concluded that the two populations have different distributions in α L , p TSS09 , |RM TSS09 − RM 3 • |, and |RM TSS09 − RM 3 • |/σ 3 • , which we will discuss in detail below. On the other hand, our KStest results suggest that the two classes of sources likely originate from the same population in S NVSS , PI TSS09 , RM TSS09 , and φ, with p-values of 0.168, 0.471, 0.058, and 0.085, respectively. However, note that given this small sample size (nine and 11 in the two classes), we cannot rule out the possibility that our statistical analysis here could be biased by random statistical anomalies. Below, we will also explore the effects of FD ranges and Faraday complexities (Table 5) on nπ-ambiguity in TSS09 catalogue, and investigate the special case J154936+183500, which has a difference between φ and RM TSS09 consistent with neither the outlier nor the out-liar cases.
The TSS09 nπ-ambiguity Rejection Algorithm
Before looking into the dependence of nπ-ambiguity on various parameters, we review the algorithm devised by TSS09 to minimise nπ-ambiguity in their catalogue. This algorithm picks the most probable RM value for each source based on the following three constraints. First, they assumed that at most only a single PA wrap can occur between the two NVSS IFs. This imposes a limit of |RM TSS09 | 1306 rad m −2 for all sources. Second, they introduced the parameter
where PI 1 , PI 2 , and PI c are the polarised intensities in NVSS IF1, IF2, and combined band, respectively. Since the measured PI is a function of the source |RM| due to bandwidth depolarisation in the NVSS observational setup, the parameter R 0 in turn is also a function of |RM| ( 
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Dependence on Spectral Index
As seen in panel (a) of Figure over a wide range from −0.99 to +0.02, with a median of −0.37, while the α L of most (ten out of 11) of the outliers cluster between −1.14 and −0.69, with a median of −0.9. It would be natural to directly link this discrepancy to the R 0 parameter used in the TSS09 algorithm. This is because the change in PI across λ 2 caused by spectral index effects could be mistaken as bandwidth depolarisation by the R 0 algorithm, possibly leading to nπ-ambiguity. To test this hypothesis, we simulated R 0 as a function of |RM| for several different α L values (0.0, −0.3, −0.6, and −0.9), assuming Faraday simplicity. The results are shown in Figure 3 . We find that the R 0 values at any given |RM| are only weakly dependent on α L except near the peak at |RM| ≈ 340 rad m −2 where the predicted R 0 diverge. This means that R 0 could be less effective in distinguishing different RM values for sources with true |RM| ≈ 340 rad m −2 . TSS09 also reached similar conclusion regarding this |RM| range but for different reasons (see Section 4.1.4). However, only two out of nine out-liars (J094808−344010 and J224412+405715) reside in this |RM| range, and therefore spectral index dependence cannot explain most of our nπ-ambiguity sources.
Dependence on Polarised Intensity and Polarisation Fraction
We show in panel (c) of Figure 2 The discrepancies between the two populations in the fractional polarisation reported in the TSS09 catalogue (p TSS09 ) is more apparent, with KS-test p-value of 0.034. The p TSS09 values are plotted in panel (d) of Figure 2 . Most (79 per cent) out-liars are concentrated at 0.8-3.1 per cent, while the outliers spread more evenly between 2.6 and 8.7 per cent. The median p TSS09 of out-liars and outliers are respectively 1.9 and 4.2 per cent. As we show in Paper II, sources with lower fractional polarisation are more susceptible to instrumental effects, particularly off-axis polarisation leakage, which can diminish the effectiveness of the TSS09 algorithm. However, this alone cannot explain all the out-liars we identified, since two of them are highly polarised at 9.1 ± 0.3 (J224549+394122) and 15.2 ± 0.2 per cent (J091145−301305).
Dependence on FD and RM Ranges
TSS09 pointed out that R 0 (Equation 16) could be less effective in selecting the correct RM values for sources with true |RM| falling within ranges of < 50 rad m −2 , > 520 rad m −2 , and ≈ 326.5 rad m −2 (taken as 301-352 rad m −2 here). For the case of < 50 and > 520 rad m −2 , that is because for both cases R 0 ≈ 1, making it difficult to discern the correct RM value. The |RM| value of ≈ 326.5 rad m −2 is also believed to be a challenge for the TSS09 algorithm, since (1) there is almost complete bandwidth depolarisation for the combined band, and (2) R 0 cannot distinguish between the case of +326.5 and −326.5 rad m −2 as the predicted R 0 are the same.
We plotted φ of the two samples in panel (f) of Figure 2 , with the above ranges shaded in green. Out of our sample, ten sources fall into these ranges, with only three being out-liars -J022915+085125 with +13.6 ± 1.0 rad m −2 , J224412+405715 with −320.4 ± 0.6 rad m −2 , and J235728+230226 with +42.3 ± 6.1 rad m −2 . It is apparent that out-liars do not preferentially fall into the above RM ranges, and our samples within those ranges are more likely to have correct RM TSS09 than suffer from nπ-ambiguity.
Dependence on Faraday Complexity
Faraday complexity (formally defined in Section 4.3.1) could be one of the reasons for the presence of nπ-ambiguity in the NVSS RM catalogue. As summarised in Table 5 , six out of the nine (67 per cent) out-liars are Faraday complex from our RM-Synthesis results, while only one out of the 11 (9 per cent) outliers show Faraday complexities from the same analysis. We can draw similar conclusion from the QU-fitting results, with eight out of nine (89 per cent) and five out of 11 (45 per cent) sources being Faraday complex, respectively. This may be because the R 0 algorithm can be affected by both non-linear PA and varying p across λ 2 .
We test the possibility of the latter by quantifying the amount of Faraday depolarisation due to Faraday complexities. For each source, we adopted the best-fit model from QU-fitting, as well as spectral index α L from Paper II, to compute the PI at the two NVSS IFs (PI 1 and PI 2 ) without taking bandwidth depolarisation into account. A depolarisation parameter is defined as
which is listed in Table 4 for each source. Note that the values for even sources best characterised by the single thin model are non-zero because of the effect of the spectral index, which leads to a positive ∆PI/PI with negative α L . Apart from J022915+085125 which has a large |∆PI/PI| = 191.5 because p(λ 2 ) at NVSS IF1 approaches zero, we do not see clear signs of out-liars having larger |∆PI/PI|, as would be expected if the Faraday depolarisation affects the R 0 algorithm leading to nπ-ambiguity.
Dependence on RM of Neighbouring Sources
For each of our target sources, we evaluated the medians (RM Figure 2 . The outliars gather within 416-522 rad m −2 , with a median of 502 rad m −2 , while the outliers spread through 109 to 469 rad m −2 , with a median of 199 rad m −2 . The large values for out-liars are clearly due to nπ-ambiguity, leading to discrepancies between the individual RM TSS09 and the respective RM 3 • . Large values are also found for three outliers, which could stem from spatial variations of the foreground RM structures around the positions of those of our targets. If this is the case, we would expect high σ 3 • values from those outliers as well.
An even clearer diagnostic is therefore the deviation in RM in units of σ 3 • . We plotted this (|RM TSS09 − RM 3 • | /σ 3 • ; shortened as ∆/σ in text below) in panel (h) of Figure 2 . Indeed, we found that all outliers converged to 0.97-2.71 in ∆/σ, meaning that those with high |RM TSS09 − RM 3 • | also have high σ 3 • , matching our expectation above. The out-liars, on the other hand, have ∆/σ spread over 3.02 to 27.24, since the large |RM TSS09 − RM 3 • | are due to nπ-ambiguity and not necessarily accompanied by high σ 3 • due to spatial variations of the foreground. There is an apparent cutoff between the two populations at about 2.85. Since this ∆/σ parameter can be computed from the listed information from the NVSS RM catalogue without any extra information, this could be useful for identification of nπ-ambiguity sources in the TSS09 catalogue (see Section 4.1.7).
How Many TSS09 Sources Suffer from nπ-ambiguity?
We apply our findings from Section 4.1.6 to estimate how many TSS09 sources suffer from nπ-ambiguity. The ∆/σ values for all of the 37,543 TSS09 sources have been computed. There is an average of 33 neighbouring sources for each TSS09 source. Sources with ∆/σ larger than 2.70, 2.85, and 3.00 are identified, corresponding to loose, moderate, and strict cutoffs respectively according to Section 4.1.6. Although we found that 837, 701, and 603 sources satisfy the above lower limits in ∆/σ respectively, we also noted that some of such sources have low |RM TSS09 − RM 3 • |. These sources may be located at regions with smooth RM foreground leading to low σ 3 • and high ∆/σ, but not suffering from nπ-ambiguity. We therefore imposed another constraint of |RM TSS09 − RM 3 • | 400 rad m −2 . This results in 56, 49, and 48 nπ-ambiguity candidates in the entire TSS09 catalogue, depending on whether we adopt the loose, moderate, or strict cutoffs as defined above, respectively. Note that this is a lower limit estimated by the ∆/σ parameter only, which may not exhaust the entire nπ-ambiguity population of TSS09 (see below). On the other hand, EGSs with high intrinsic FD (or RM) magnitudes of 400 rad m −2 might also be included under the above selection criteria.
We further compared our list of nπ-ambiguity candidates with the literature to verify the accuracy of our ∆/σ criterion. The wrongly classified sources (if any) can be separated into two categories -false-positives (nπ-ambiguity candidates that actually have reliable RM TSS09 ) and false-negatives (sources that actually suffer from nπ-ambiguity but not picked up by our algorithm above). No false-positives have been identified after consulting catalogues of polarised sources verified to have reliable RM TSS09 (Mao et al. 2010; Law et al. 2011; Van Eck et al. 2011; Mao et al. 2012; Rawes et al. 2018; Betti et al. 2019) , suggesting that our list of nπ-ambiguity candidates is accurate. We further compare our findings with the known TSS09 nπ-ambiguity sources listed in the literature to look for the false-negatives. Van Eck et al. (2011) reported RM values of 194 EGSs on the Galactic plane (|b| 5 • ) with their observations, of which 146 were cross-matched with TSS09. From this sample, 13 sources (9 %) were found to suffer from nπ-ambiguity in TSS09. Most of these 13 sources are concentrated in the inner Galaxy (35 • l 52 • ), with 11 out of the 15 cross-matches in that region suffering from nπ-ambiguity. This is likely linked to the complex large-scale magnetic field structure of the Milky Way manifested as large |RM| and rapid changes in RM in small spatial scales of a few degrees (e.g., Sun et al. 2008; Van Eck et al. 2011; Jansson & Farrar 2012) , ultimately leading to the concentration of nπ-ambiguity sources there. However, using our ∆/σ parameter defined above only one out of those 11 nπ-ambiguity sources found there is correctly classified as an nπ-ambiguity candidate. This means that our nπ-ambiguity candidates list from ∆/σ is conservative, i.e. there can be more than 50 nπ-ambiguity sources in the entire TSS09 catalogue.
NVSS J154936+183500: A Special Case
Upon comparison between our broadband φ with narrowband RM TSS09 (Section 3.1), we identified J154936+183500 which has the two values differing by 307.5 rad m −2 . This source can neither be classified as an out-liar nor an outlier, as these two classes of sources should have deviating φ and RM TSS09 by about 652.9 and 0 rad m −2 respectively. To rule out the possibility that this discrepancy of 307.5 rad m −2 is due to RM time variabilities, we compared the RM TSS09 of this source with RM VLA from our Paper II. This RM VLA is obtained from our new observations within the NVSS frequency ranges only. We find that this source has RM VLA = −473.5 ± 14.4 rad m −2 , similar to its RM TSS09 = −426.8 ± 14.6 rad m −2 . In other words, the difference of 307.5 rad m −2 above cannot be attributed to time variabilities.
This peculiar difference in φ versus RM TSS09 is likely due to its Faraday complexity. Both RM-Synthesis and QU-fitting suggest that this source contains three Faraday components at FDs of about −315, −20, and +75 rad m −2 , with p of about 0.46, 0.27, and 0.33 per cent respectively. Such a wide spread of Faraday components over FD, combined with their similar fractional polarisation, results in highly non-linear PA across λ 2 in the NVSS bands, as well as in our broadband L-band. This leads to a poor agreement between φ and RM TSS09 .
J154936+183500 is an example of sources that might not be suitable for RM grid experiments (e.g. Gaensler et al. 2005; Mao et al. 2010; Van Eck et al. 2011) . This is because of the large spread in FD of the three Faraday components within the telescope beam, suggesting that this source has large intrinsic FD (∼ 100 rad m −2 ). For such case, narrowband RM values are clearly poor representations of the foreground magneto-ionic media, while techniques applied to broadband data such as extraction of absolute maxima in Faraday spectra (e.g. Mao et al. 2010; Betti et al. 2019 ) and using polarisation-weighted FD (e.g. O'Sullivan et al. 2017 , and this work) also may not give satisfactory results. This highlights the power of broadband spectro-polarimetric observations, which have opened up the possibility to identify such sources for careful treatments in RM grid experiments and/or further studies of their intrinsic polarisation properties.
Summary of this Section
In this Section, we showed the differences in the statistical distributions for several parameters of out-liars (nπ-ambiguity sources in TSS09) versus outliers (sources with reliable RM TSS09 ). We suggest that low p TSS09 could cause nπ-ambiguity in TSS09 values. Also, out-liars are found to have larger spread in α L and tends to be Faraday complex, while outliers are concentrated at steeper α L and are more likely Faraday simple. However, there may not be a direct relationship between these and nπ-ambiguity. Out-liars do not appear to preferentially fall within |FD| ranges of < 50, > 520, and ≈ 326.5 rad m −2 . We further compared, for each of our target sources, their RM TSS09 with the median (RM 3 • ) and standard deviation (σ 3 • ) of RM TSS09 of neighbouring sources within a radius of 3 • . All out-liars cluster at |RM TSS09 − RM 3 • | ≈ 500 rad m −2 , while outliers span a range between 110 to 470 rad m −2 . Most interestingly, we found that ∆/σ = |RM TSS09 − RM 3 • |/σ 3 • is an excellent diagnostic for nπ-ambiguity in TSS09 catalogue. This parameter is an indicator of how much the RM TSS09 value of each source deviates from the RM caused by foreground structures, in units of how much such foreground structures fluctuate spatially. There is a cutoff at ∼ 2.85 between the two classes of sources, with out-liars being above this cutoff and outliers below. Using this ∆/σ parameter, combined with a further constraint of |RM TSS09 −RM 3 • | 400 rad m −2 to discard sources situated behind smooth RM foregrounds with low σ 3 • , we estimate that at least 50 out of the 37,543 TSS09 sources can be affected by the nπ-ambiguity effect.
The Origin of Large Faraday Depths
Out of our 21 polarised target sources, we found (from RMSynthesis) that 15 of them have |φ| > 200 rad m −2 . Such high |φ| values are peculiar for sources away from the Galactic plane, as is the case for our targets (|b| > 10 • ). While the FD could originate from within the EGSs themselves or from their immediate ambient media, it is challenging to directly confirm this scenario with the available information. We therefore explore the possibility of explaining the FD values from Galactic contributions and/or from foreground galaxy clusters. For the former, as Galactic FD (or RM) structures are often associated with warm and/or cold phases of the interstellar medium (e.g. Heiles & Haverkorn 2012), we looked into their respective tracers (H α and H ) as an attempt to unveil the origin of the FDs.
Comparison with H α Maps
Upon inspection of the Wisconsin H-Alpha Mapper Sky Survey (WHAMSS; Haffner et al. 2003 Haffner et al. , 2010 ) images, we found that nine of our high |φ| EGSs (J083930−240723, J084701−233701, J090015−281758, J091145−301305, J092410−290606, J093349−302700, J093544−322845, J094750−371528, and J094808−344010) lie behind the northern arc of the Gum Nebula, two (J162706−091705 and J163927−124139) lie behind Sh 2-27, two (J224412+405715 and J224549+394122) situated close to Sh 2-126, and one (J220205+394913) lies behind an H filament. All of the above sources are positioned on lines of sight with high velocity-integrated H α intensities (I Hα > 10 Rayleighs; see column 7 of Table 6 ). Thus, the high |φ| values of these 14 sources could be attributed to foreground Galactic H structures. The only remaining EGS (J220927+415834) does not appear to be situated behind prominent H structures, with a foreground velocity-integrated H α intensity of only 5.75 R. The high FD of this source may have originated from a foreground galaxy cluster (Section 4.2.3).
To assess the link between the H structures and the high |φ|, we estimate the regular magnetic field strengths (B reg ) in those H clouds needed to produce the observed φ. We omit the Gum Nebula and Sh 2-27 here, as their magnetic field structures are already studied in detail in Purcell et al. (2015) and Harvey-Smith et al. (2011) respectively using many of the above-mentioned EGSs. 
where T e is the electron temperature, τ is the optical depth due to dust extinction, B reg, is the strength of the regular magnetic field component parallel to the line of sight, f is the filling factor, and L is the integration path length through the H filament (in pc). The relationship between B reg and B reg, stem from statistical argument, and it is implicitly assumed that n e is homogeneous. Furthermore, B reg, is assumed to be uniform in both strength and direction along the lines of sight. In particular, since EM is proportional to <n 2 e > while FD is only proportional to <n e >, clumps of free electrons can result in large EM values but only moderate FD values. We also assumed here that the observed φ of our EGSs come entirely from the H structures (i.e. zero intrinsic FD contributions). To get an upper limit of B reg , we assume a low T e of 7000 K (e.g. Peimbert et al. 2017 ), a typical f = 0.1 (e.g. Harvey-Smith et al. 2011) , and adopted a range of optical depth (τ = 0.5-1.5) to obtain
Here, a lower optical depth would lead to a larger coefficient in the above Equation.
The only undetermined variable, L, can be approximated by simple modelling of the geometry of the individual H filament. Sh 2-126 is located at a distance of about 370-600 pc Oppermann et al. (2015) c Neutral hydrogen column density from H observations d Velocity-integrated H α intensity from the WHAMSS (Haffner et al. 2003 (Haffner et al. , 2010 † Suffers nπ-ambiguity in the TSS09 catalogue × Unpolarised sources ? Special case compared to TSS09 catalogue (see Section 4.1.8) Double point sources Extended sources E From the Effelsberg-Bonn H Survey (EBHIS; Winkel et al. 2016) G From the Galactic All-Sky Survey (GASS; McClure-Griffiths et al. 2009; Kalberla & Haud 2015) from us (Chen & Lee 2008) , and has an intriguing morphology consisting of filamentary/sheet-like structures with widths of about 50 , translating to ∼ 5-9 pc. Considering that both J224412+405715 and J224549+394122 lie at the outskirt of this H structure, we adopt half of the lower limit in width (i.e. 2.5 pc) as the path length through Sh 2-126. The H filament shrouding J220205+394913 has an angular width of about 20 . It has not been studied in detail and thus has an unknown distance, but its spatial proximity and similarity in radial velocity (v LSR ≈ −9.0 km s −1 from WHAMSS) with nearby H structures Sh 2-118 and Sh 2-123 suggest physical associations among these objects. The latter two clouds have kinematic distances of 3.8 kpc (Russeil 2003) , which if taken as the distance to the H filament would yield a physical width of 22 pc. We adopt this as the path length through this filament. Note that B reg is only weakly sensitive to L, as an over-/under-estimation of the latter by 10 times would only result in the former being weaker/stronger by a factor of 3.2, which would not affect our order-of-magnitude estimation here.
Substituting in the adopted values of L for each H structure, as well as I Hα from the WHAMSS (see Table 6 ) and φ as our φ values into Equation 20, we obtain B reg 89-171 µG for Sh 2-126 and 52-86 µG for the H filament in front of J220205+394913. The field strengths here are an order of magnitude higher than that in typical Galactic H regions (∼ 1-36 µG; e.g. Heiles et al. 1981; Gaensler et al. 2001; Harvey-Smith et al. 2011; Rodríguez et al. 2012 ), though note that these H filaments might not be typical H regions. Since our crude assumptions above would yield upper limits in field strengths, and for these two clouds we only have very rough estimates on the physical scales, we cannot draw a concrete conclusion on whether these two H structures can contribute to the bulk of the observed |φ| of the three target sources.
Comparison with H Column Densities
We also looked into the Galactic H column densities (N H ) towards our target sources, using the result from the Effelsberg-Bonn H Survey (EBHIS; Winkel et al. 2016) for the northern sky and the Galactic All-Sky Survey (GASS; McClure-Griffiths et al. 2009; Kalberla & Haud 2015) for the southern hemisphere. The foreground N H values for our target sources are listed in column 6 of Table 6 . However, we do not see any clear trends between |φ| and N H .
Foreground Galaxy Clusters
We explore the possibility of high FD stemming from the hot magnetised intracluster medium of foreground galaxy clusters (see Govoni & Feretti 2004) , which can have |FD| contributions to embedded / background polarised sources of ∼ 100 rad m −2 (e.g. Taylor et al. 2001; Bonafede et al. 2009; Govoni et al. 2010) . The NASA/IPAC Extragalactic Database (NED) was consulted for galaxy clusters within 2 • of our 15 high |φ| target sources, and we found matches for the six sources below.
(i) J084701−233701 at z = 0.0607±0.0001 (Huchra et al. 2012) with φ = +384.8 ± 2.0 rad m −2 is situated at 34. 3 away from Abell S0613 and 96. 5 away from PSZ1 G246.45+13.16. The former galaxy cluster is background to our target (z = 0.0740; ChowMartínez et al. 2014) , and therefore cannot contribute to the high FD. The latter is a Sunyaev-Zel'dovich cluster candidate (Planck Collaboration et al. 2014 ) with poorly constrained parameters.
(ii) J093349−302700 (z unknown) with φ = +341.6 ± 0.8 rad m −2 is accompanied by Abell 3421 at 92. 4 away and Abell S0618 at 92. 9 away. Both of the clusters do not have constrained z nor angular sizes.
(iii) J094808−344010 (z unknown) with φ = +382.7 +2.5 −2.4 rad m −2 is 81. 1 away from Abell 3428. This cluster has a photometric redshift of z = 0.0601 (Coziol et al. 2009 ), but without any reported angular sizes.
(iv) J220205+394913 (z unknown) with φ = −367.2 ± 0.4 rad m −2 is situated next to ZwCl 2200.7+3752 at 103. 1 away. This cluster has a diameter of only 58 (Zwicky et al. 1961) , and therefore cannot contribute to the FD of our target.
(v) J220927+415834 at z = 0.512 ± 0.029 (photometric; Abolfathi et al. 2018) with φ = −338.1 ± 0.2 rad m −2 is neighbouring UGCL 467 (also known as ZwCl 2207.8+4114) at 30. 2 away. This foreground cluster (z = 0.0166; 1 = 21 kpc) has a diameter of 164 (Baiesi-Pillastrini et al. 1984) , and could be the prime contributor to FD of J220927+415834 given that we could not identify any clear foreground Galactic structures from H α nor H above.
(vi) J224412+405715 at z = 1.171 (Ackermann et al. 2011 ) with φ = −320.4 ± 0.6 rad m −2 is accompanied by two galaxy clusters -1RXS J223758.3+410109 (70. 8 away) and Sunyaev-Zel'dovich cluster candidate PSZ1 G097.52−14.92 (77. 1 away). Neither of them have reported z nor cluster diameter.
To summarise, J220927+415834 (for which we could not find any foreground Galactic H α or H structures to) may have attained its high FD from the foreground galaxy cluster UGCL 467. We cannot confidently attribute the high FD of the rest of our target sources to foreground clusters, given the ill-constrained parameters, particularly redshifts, to the sources themselves and/or to the foreground clusters.
The Nature of Faraday Complexity
Definition of Faraday Complex Sources
We find it necessary to formally define Faraday complex sources before proceeding further. The main reason is to facilitate comparisons with the literature, as a growing number of broadband spectro-polarimetric studies of EGSs choose to extract the flux densities of their samples by integrating within a source region (e.g., Anderson et al. 2016; O'Sullivan et al. 2017) . While this would be similar to the strategies we adopted for our point sources and extended sources, it is in contrast to our spatial doubles, for which we fitted two Gaussian functions to each image (per frequency channel and per Stokes parameter; Section 2.2) and analysed the two spatial components independently. In other words, although we may be able to identify small differences in FD between two spatial components, the same source may be classified as Faraday simple when the spatial information is discarded. We therefore carefully define Faraday complexity for our target sources here to match the expected outcome if our sources were not spatially resolved. Also, in addition to angular resolution (see Appendix A), we note that whether the Faraday complexity of a source can be correctly identified can also depend on the S/N ratio (e.g. Anderson et al. 2015; O'Sullivan et al. 2017) and λ 2 coverage (e.g. Anderson et al. 2016 ).
We therefore define Faraday complex sources as follows. From RM-Synthesis, an unresolved or extended source is considered as Faraday complex if it is decomposed into multiple Faraday components, or the only Faraday component is Faraday thick. Here, we define "Faraday thick component" as one with the fitted FWHM (δφ) at least 10 per cent more than the theoretical FWHM of the RMTF (δφ 0 ), while "Faraday thin component" is one with δφ less than 1.1 times of δφ 0 . For a spatial double source, it is deemed Faraday complex if at least one of the spatial components is further divided into multiple Faraday components, or one/each of the spatial components hosts a Faraday thick component, or each spatial component contains one and only one Faraday thin component but the FDs of these two components are separated by more than 37 per cent of δφ 0 (the choice of this factor is explained below). On the other hand, from QU-fitting a spatially unresolved or extended source is defined as Faraday complex if its best-fit model is not single thin (1T), while a double source is categorised as Faraday complex if either/both of the spatial components is/are best-fitted by models other than single thin, or both spatial components are best characterised by the single thin model but the difference in FDs of the two Faraday simple components is larger than 37 per cent of the δφ 0 from RM-Synthesis (again, the choice of this factor is explained below).
As mentioned above, the most critical part of this formal definition here is for spatial double sources, particularly for cases where each spatial component hosts a Faraday thin component. In such cases, the two spatially resolved Faraday components could be indistinguishable from a single Faraday thin component if we discard the spatial information by combining them within a source integration region. While previous works showed by simulations that Faraday components with FDs separated by less than ≈ 50-100 per cent of δφ 0 cannot be confidently distinguished by RM-Synthesis and QU-fitting (e.g. Farnsworth et al. 2011; Sun et al. 2015; Schnitzeler 2018; Miyashita et al. 2019) , we chose to adopt a smaller cutoff value of 37 per cent here. This is because although the two Faraday thin components cannot be separated if they are situated too close together in Faraday space, the two combined could be identified as a single Faraday thick component. We calculated for the simplest case of adding two Faraday thin components with equal amplitudes together, and found that when they are separated by about 37 per cent of δφ 0 the combined function resembles a Gaussian function with δφ being 1.1 times of δφ 0 , satisfying our definition of Faraday thick component above. Nonetheless, the choice of this cutoff value would not affect the results of our work here, as the most extreme case we have is J093544−322845 in RM-Synthesis, with the two Faraday thin components separated by 8.7 per cent of δφ 0 only.
The Physical Origin of Faraday Complexity
One of the major strengths of radio broadband spectro-polarimetric observations is its ability to decompose spatially unresolved sources (e.g. EGSs) into multiple Faraday components. These components could be located anywhere in the volume traced by the telescope beam, both parallel or perpendicular to the line of sight. This opens up the possibility of identification or even study of discrete physical regions that are spatially unresolved by the observations, but this would require prior studies associating the Faraday components with spatial components for a sample of spatially resolved sources. There appears to be some correspondences between the number of Faraday and spatial components of EGSs (e.g. Anderson et al. 2016; O'Sullivan et al. 2017 , both with angular resolution of ∼ 1 ). This motivates us to carry out similar investigations to our sample of EGSs below.
We first look at sources that are spatially resolved with our ∼ 45 beam. The only such sources that are resolved into multiple Faraday components are J224549+394122 from RM-Synthesis, and J092410−290606 and J162706−091705 from QU-fitting. All three of them host two Faraday components each, with J224549+394122 being resolved into FR II morphology and the remaining two as double unresolved components. Interestingly, the two Faraday components for each of the spatial doubles originate from just one of the two spatial components (J092410−290606a and J162706−091705b respectively). J092410−290606b is polarised, but its Faraday component is indistinguishable from one of the two from J092410−290606a. On the other hand, J162706−091705a is not polarised (below 6σ limit of 3 per cent). For the remaining three spatial doubles (J091145−301305, J093544−322845, and J163927−124139), the sources are not resolved into multiple Faraday components according to our definition above in Section 4.3.1. However, since we analysed the spatial components individually in both RM-Synthesis and QU-fitting, we can still obtain the difference in FD between the two components, and compute what λ 2 coverages are required to resolve them into two Faraday components if these sources were spatially unresolved. From RM-Synthesis and QUfitting, our spatial doubles have differences in FD of 2.4-7.6 rad m −2 and 2.7-15.5 rad m −2 , respectively. Assuming that in both analyses we can distinguish Faraday components separated by more than 50 per cent of the theoretical δφ 0 in RM-Synthesis (e.g. Schnitzeler 2018), a λ 2 coverage of more than 0.11-0.72 m 2 would be needed to resolve our spatial doubles into the multiple Faraday components. These translate to frequency coverages from 1 GHz down to 660 and 330 MHz, respectively. From this, we argue that for spectro-polarimetric studies of EGSs in GHz regime, we should not combine multiple spatial components together with flux integration regions. This is because the spatially resolved Faraday components would then become a single unresolved Faraday component, leading to loss of physical information of the sources. We draw similar conclusions in Appendix A for our spatially extended sources, where we found that the QU-fitting results after spatial flux integrations differs from our spatially resolved RM-Synthesis analysis.
Furthermore, we searched for Faint Images of the Radio Sky at Twenty-Centimeters (FIRST; angular resolution ≈ 5 ; Becker et al. 1995) , as well as Very Long Baseline Interferometry (VLBI; angular resolution ∼ mas; Fey & Charlot 1997 , 2000 total intensity images of all of our target sources. We found that four of them have existing higher angular resolution radio images. These sources are discussed individually below.
(i) J111857+123442 (4C +12.39) is composed of two Faraday thin components in both of our analysis. In the FIRST image there is a hint of a fainter spatial component 10 to the northwest of the main component. At VLBI resolution the source is extended at 2.3 GHz, and is resolved into two spatial components at 8.6 GHz.
(ii) J154936+183500 (4C +18.45; the special case; Section 4.1.8) consists of three Faraday components in both RMSynthesis and QU-fitting. These Faraday components have vastly different FD values (−315.3 ± 2.1, −31.8 ± 3.5, and +81.3 ± 2.8 rad m −2 from RM-Synthesis; similar to that from QU-fitting). This source is also spatially resolved into three components in the FIRST image -two bright blobs together resembling an FR II radio galaxy with an angular scale of about 15 (corresponding to a projected physical scale of about 130 kpc at z = 1.442; Hewitt & Burbidge 1987) , and a third faint point source situated about 40 away to the southwest.
(iii) J170934−172853 is represented by two Faraday components in our RM-Synthesis and QU-fitting analysis. The source appears in the VLBI image at 2.3 GHz as two spatial components, with the brighter one with flux density of about 500 mJy and the dimmer one situated about 10 mas away to the southeast with flux density of about 10 mJy. The brighter component can be further resolved into two components at 8.6 GHz, with component 1 at about 300 mJy and to the southeast by 3 mas component 2 at about 5 mJy.
(iv) J190255+315942 (3C 395) is found to have two Faraday thin components in our analysis. In the 2.3 GHz VLBI image it is consisted of two spatial components separated by about 15 mas (projected distance of about 100 pc at z = 0.635; Hewitt & Burbidge 1987) , with a faint structure connecting the two. The two components can also be seen in the 8.6 GHz VLBI image.
From above, there appears to be a good association between the number of Faraday components identified from our 1-2 GHz observations and the number of spatial components resolved at 5 (FIRST) or mas (VLBI) resolutions. A caveat here is that because of the missing short uv-spacing, there could be missing flux from structures on large angular scales, particularly in the VLBI images. Note that this suggested association between the number of spatial and Faraday components is only speculative, and requires confirmation from high angular resolution spectro-polarimetric studies. Indeed, a more comprehensive study on the connection between Faraday components and structures of EGSs at different angular and physical scales, as well as for different source types, would be necessary before we can confidently interpret their Faraday complexities from low angular resolution observations alone.
Finally, it has been suggested that lines of sight with Galactic H column density of 1.4-1.65×10 20 cm −2 may pass through magnetised plasma in the Milky Way which could cause observed Faraday complexities in background EGSs (Anderson et al. 2015) . This would imply that the turbulence scale of the magneto-ionic medium causing such complexities is less than ∼ 5 pc assuming a distance to the far side of the Milky Way of 23.5 kpc with their angular resolution of ∼ 45 . All of our target sources have foreground H column densities higher than the above-mentioned range (Table 6) , with J111857+123442 having the lowest of 1.86 × 10 20 cm −2 . It is represented by double Faraday thin components in both RM-Synthesis and QU-fitting, with differences in FD of about 100 rad m −2 . This source is resolved into two spatial components separated by about 10 in FIRST (see above). At such a small angular scale, the Milky Way contribution to FD is not expected to vary by such a large amount. We suggest that for this source, Faraday complexity is not caused by the magneto-ionic medium in the Milky Way.
Faraday Complexity Statistics
Our RM-Synthesis and QU-fitting results show respectively that eight (38 per cent) and 14 (67 per cent) out of the 21 polarised target sources are Faraday complex. We briefly discuss the difference between these two algorithms in Appendix B. The RM-Synthesis fraction is similar to the 29 per cent (12 out of 42) obtained from the RM-Synthesis analysis on ATA data of bright radio sources in 1-2 GHz (angular resolution ∼ 100 ; Law et al. 2011 ). This similarity may be because of the similar λ 2 coverages, as well as the high signal-to-noise ratio in polarisation, in both studies. In contrast, Anderson et al. (2015) reported with their 1.3-2.0 GHz study at an angular resolution of ∼ 1 that only 12 per cent (19 out of 160) of their polarised sources appeared to be Faraday complex with their observational setup. This can be attributed to the lower signal-to-noise ratio in PI ( 10) of some of their target sources. As they suggested in their paper, sources that are genuinely Faraday complex might appear Faraday simple in the low S/N regime.
There are spectro-polarimetric studies of EGSs at other wavelengths that reported a much higher fraction of Faraday complex sources. Pasetto et al. (2018) found by QU-fitting analysis that, all of their 14 high RM sources are Faraday complex with their 4-12 GHz observations (angular resolution 1 ), though this could be biased due to their source selection criteria. They chose sources that are unpolarised in the NVSS at 1.4 GHz but polarised at higher frequencies, which could be due to bandwidth depolarisation in the NVSS at specific |RM| ranges (≈ 350 or 1000 rad m −2 ) and/or Faraday depolarisation due to complexities. Nonetheless, O'Sullivan et al. (2017) reported that 90 per cent (90 out of 100) of their targets are Faraday complex from their 1-3 GHz observations with angular resolution of ∼ 10 , also with QU-fitting analysis. This is similar to the findings of Anderson et al. (2016) , who observed at 1.3-10 GHz (with angular resolution of ∼ 1-10 ) a total of 36 EGSs selected such that, based on archival narrowband 1.4 GHz data, half of the sample are Faraday simple and the other half are Faraday complex. Their broadband studies with RM-Synthesis concluded that 97 per cent (35 out of the 36) of their sample turns out to be Faraday complex in the observed λ 2 range, with the remaining one consistent with being unpolarised. By re-analysing their data at different λ 2 coverages, they suggested that the detection of Faraday complexity of EGSs could be hindered by limited λ 2 ranges. This suggests that many of our Faraday simple sources could become Faraday complex if they are observed at a wider λ 2 range with sufficient S/N ratio.
CONCLUSION
With new broadband spectro-polarimetric observations of 23 nπ-ambiguity candidates with the VLA in L-band, we revealed nine out-liars (sources that suffer from nπ-ambiguity in the NVSS RM catalogue). By comparing the statistics of their observed parameters with that of the 11 outliers (sources with reliable RM TSS09 ), we find noticeable differences between the two classes in α L , p TSS09 , |RM TSS09 − RM 3 • |, ∆/σ = |RM TSS09 − RM 3 • |/σ 3 • , and Faraday complexities. In particular, we find ∆/σ, which is a measure of how much a source's RM deviates from the RMs of its surrounding sources, to be a good diagnostic for nπ-ambiguity in the NVSS RM catalogue. There is an apparent cutoff at ∆/σ ≈ 2.85 between the two populations, which we used to estimate that there are at least 50 nπ-ambiguity sources in the TSS09 catalogue out of the total of 37,543 sources. This is an important result for us to gauge the reliability of the TSS09 catalogue, and merits further studies to verify these nπ-ambiguity candidates. We further identified two sources that are polarised in TSS09 at 0.5-0.6 per cent levels, but are unpolarised (below the 6σ cutoffs of ≈ 0.07 per cent) in our new broadband observations. These two sources have motivated a detailed study on the effects of the off-axis instrumental polarisation in the NVSS RM catalogue, presented in the companion Paper II.
We found that 15 of our target sources have large |φ| > 200 rad m −2 despite being situated away from the Galactic plane (|b| > 10 • ). 14 of them are found to be lying behind Galactic H structures, which are likely the prime contributors to the observed high |φ| of these sources. The only remaining source, J220927+415834, is found to be background to the galaxy cluster UGCL 467, which is the most likely explanation of its high |φ|.
Finally, we studied the Faraday complexities of our target sources with our broadband 1-2 GHz observations. We found good correspondence between the number of identified Faraday components from our analysis with the number of spatial components in total intensities at ≈ 5 and milli-arcsecond resolutions in FIRST and VLBI images, respectively. However, this speculated associations between the Faraday and spatial components require confirmation from future polarisation studies at high angular resolution. In our sample of 21 polarised sources, eight (38 percent) and 14 (67 per cent) are Faraday complex from our RM-Synthesis and QU-fitting analysis respectively. The former value agrees with the 29 per cent reported by Law et al. (2011) with their RM-Synthesis study of EGSs at similar frequency range. We noted that if our target sources are re-observed with a wider λ 2 coverage than that of our L-band observations here, many of our current Faraday simple sources will likely become Faraday complex at sufficient signal-to-noise ratio in polarisation. 
